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Abstract
Owing to the capability to provide a wide variety of intelligent behaviors, cognitive radio (CR) has become a promising technology to improve
spectrum utilization efficiently. One of the popular techniques which adapt CR concept to multi-carrier systems is known as tone injection scheme.
This scheme is a sort of peak-to-average-power ratio (PAPR) reduction methods deployable to multi-carrier systems such as orthogonal frequency
division multiplexing (OFDM). However, a conventional tone injection scheme might increase averaged transmit power attributed to expanding the
size of constellation on purpose to get optimal PAPR reduction. Based on a weighted-sum genetic algorithm to resolve multi-objective optimization
problem (MOOP), the modified tone injection scheme exploits the agility of CR technology to rapidly adapt operating parameters in order to fulfill
PAPR reduction as well as mitigation of power increase optimally. The simulation results verify that the proposed scheme is flexible because it
could not only control the performance of PAPR reduction, but also alleviate power increase by steering weight values at the expense of relatively
low complexity comparing with other conventional method.
c⃝ 2015 The Korean Institute of Communications Information Sciences. Production and Hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Recently, orthogonal frequency division multiplexing
(OFDM) has received considerable attention for high-
speed wireless communication systems, for example, xDSL,
IEEE802.11, IEEE 802.16, and 4G wireless communication
standards attributed to its capability of efficiently handling dis-
tortions introduced by frequency selective fading channels [1].
However, one of the major drawbacks of OFDM is designated
as high peak-to-average-power ratio (PAPR) due to the sum-
mation of multiple sub-carriers at the transmitter; time domain
OFDM symbol could exhibit large envelope component when-
ever adjacent input sequences are highly correlated. For a high
PAPR, the digital-to-analog (D/A) converter and power ampli-
fier of the transmitter require possession of a large dynamic
range to avoid amplitude clipping, thus increasing both power
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transmitter should adopt an efficient signal processing tech-
nique for PAPR reduction to cut down the system cost.
Several solutions proposed in the literature could be em-
ployed by the system, and details about those methods are dis-
cussed in [2,3]. Simplest way among available methods might
be amplitude clipping method that limits the peak envelope
of input signal not to over a predetermined threshold level.
But amplitude clipping might deteriorate BER performance be-
cause the original signal could be distorted [4]. Other schemes
recently proposed such as selected mapping (SLM) and par-
tial transmit sequence (PTS) methods focus on the genera-
tion of phase correction sequences that are multiplied to the
original OFDM signal to reduce PAPR properly. The com-
mon drawbacks in above methods are the requirement of huge
computational complexity to find optimal phase sequences and
transmission rate loss arising in transmission of a phase se-
quence information as overhead [5,6].
Tone injection method, proposed by J. Tellado [7], is an effi-
cient PAPR reduction method because it is not necessary to send
overhead. However, the conventional tone injection method re-
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to be injected so as to reduce PAPR. Moreover, it causes a power
increase due to the intrinsic extension of signal constellation. To
enforce the transmission power below a certain pre-determined,
the tone injection should be conducted subject to satisfying con-
straint in spite of yielding poor PAPR reduction performance.
Thus, there are two important aspects to be concerned, which
are PAPR reduction and minimal power increase [7].
Determining the appropriate radio parameters in order to
carry out both reducing PAPR as well as minimizing transmis-
sion power simultaneously is the primary feature of cognitive
radio decision engine. This paper suggests utilizing a weighted-
sum based genetic algorithm used to search the sub-optimal
solutions with given conflicting multi-objective problems
[8]. Section 2 briefly summarizes the conventional tone injec-
tion method, and a theoretical background about weighted-sum
genetic algorithm used for the proposed tone injection will be
discussed in Section 3. Simulation results are presented in Sec-
tion 4, followed by the conclusion in Section 5.
2. Conventional tone injection method
An OFDM signal is a sum of N independent subcarriers with
equal bandwidth and frequency fk = k1 f , where subcarrier
spacing 1 f = 1/NT and T is original symbol interval. The
continuous-time baseband signal of mth OFDM symbol is rep-
resented by
xm(t) = 1√
N
N−1
k=0
Xmk e
j2π fk t , 0 ≤ t < NT (1)
where Xmk is kth subsymbol of mth OFDM symbol. After sam-
pling (1) with sampling period t = nT , the discrete-time
OFDM signal has a form of the following
xm[n] = 1√
N
N−1
k=0
Xmk e
j2πkn/N , 0 ≤ n < N . (2)
As discussed in various articles, it is well known that tone
injection is one of PAPR reduction methods by expanding sym-
bol constellation such that each of points in the original con-
stellation can be mapped into equivalent points in the expanded
constellation [7]. Here, the expansion of symbol constellation
reads adding a constant to target tone so that the signal constel-
lation corresponding to a certain symbol Xmk moves to another
equivalent point. From (2), the new tone-injected signal x¯m[n]
can be formulated as
x¯m[n] = xm[n] + cm[n] = 1√
N
N−1
k=0

X¯mk

e j2πkn/N . (3)
In (3), tone-injected symbol Xmk can be created by adding
a complex constant Cmk = pmk D + jqmk D to the original
symbol Xmk . Here, integer numbers p
m
k and q
m
k chosen among{−1, 0, 1} are used to move the original symbol to equivalent
point subject to minimizing PAPR and the constant D is
determined by the distance between two adjacent constellation
points. For example, Fig. 1 shows the entire equivalent pointsFig. 1. The extended constellation with 16-QAM modulation.
relevant to a certain point in 16-QAM constellation with values
in the bracket indicating pmk and q
m
k . With known D, C
m
k can be
removed at the receiver by performing modulo-D calculation.
2.1. Optimum PAPR approach of tone injection method
From (3), PAPR of tone injected signal x¯m[n] can be calcu-
lated in time-domain by
PAPR

x¯m[n] = max

|xm[n] + cm[n]|2

E
|xm[n] + cm[n]|2 ,
0 ≤ n < N − 1. (4)
For the sake of convenience, a specific single tone indexed by
1 is modified; time-domain signal cm[n] can be expressed by
injection
cm[n] = D√
N

pml cos

2πkn
N

− qml sin

2πkn
N

+ j D√
N

qml cos

2πkn
N

+ pml sin

2πkn
N

. (5)
The optimum tone injection signal is described in terms
of tone injection position ℓ and equivalent points pmℓ and
qmℓ . Thus, these parameters could be chosen by executing
exhaustive search among all possible positions where the tone is
injected depending on equivalent points to achieve the optimum
PAPR. Here, the number of searching processes required for
yielding a fixed PAPR can be approximated defined as,
N
K

SK ≈ (NS)K (6)
where N is the number of tones, K is the number of tones to be
injected and S equivalent constellation points [7].
2.2. Discussions on power increase problem
In tone injection method, since the constant D is known
at both transmitter and receiver, so it does not require any
overhead information to be sent. Here, the constant D can be
simply defined by
D = ρd√M (7)
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in constellation, and ρ is the arbitrary real value greater than or
equal to unity. Due to the composition of Cmk involving constant
D, provided that pmk or q
m
k is not equal to zero the instantaneous
power, i.e., the absolute square of tone injected symbol X¯mk
would be larger than that of the original symbol X¯mk . It is well-
described that the power lessens a signal-to-noise ratio (SNR)
margin such that the channel capacity is inevitably decreased
since transmission power is limited [7]. Thus, in addition to the
reduction of the PAPR, the reduction of available transmission
power due to power increase must be avoided as possible as it
can.
The average power increase of the mth OFDM symbol can
be defined as:
1
N
N
n=1
x¯m[n]2 − xm[n]2 . (8)
To minimize power increase, the value of real part
or imaginary part of original modulated symbol Xmk has
±d
√
M − 1

/2 and tone injection signal Cmk has opposite
sign of the original modulated symbol. For example, in Fig. 1,
minimum power increase of A is A′ when tone injection signal
Cmk has p
m
k = 0 and qmk = −1.
3. Weighted-sum genetic algorithm for tone injection
method
As mentioned earlier, tone injection method increases the
average symbol power attributed to the expanding of the con-
stellation on purpose. Here, the amount of power increase is
proportional to how far the distance of the injected tone from
the origin is. From Fig. 1, for example, if the equivalent posi-
tions of symbols A and B are A′ and B′, respectively, symbol
B creates a smaller power increase rather than symbol A. Fur-
thermore, comparing the equivalent points A′ and A′′ relevant
to symbol A, the equivalent point A′ brings out a smaller power
increase rather than A′′. Thus, it is more beneficial in the aspect
of alleviating power increase if the tone location is moved to the
boundary of the constellation in the negative direction for the
equivalent position. Regardless of suppressing power increase,
if the locations of equivalent points are confined to the bound-
ary of constellation, the capability of PAPR reduction would be
degraded because the available candidate positions are limited.
In this paper, cognitive radio engine employs a weighted-
sum genetic algorithm to achieve PAPR reduction and power
increase mitigation, simultaneously.
3.1. Multi-objective optimization problem
Multi-objective optimization technique has been widely
adopted to solve the problem under given a number of objec-
tive functions having conflict relationship each other. The opti-
mization problem like this is usually called as multi-objective
optimization problem (MOOP), which can be formulated as
min /max {F(x)} = [ f1(x), f2(x), . . . , fk(x)] ,
s.t. x = [x1, x2, . . . , xn] ∈ S (9)where ⌊ f1(x), f2(x), . . . , fk(x)⌋ are the k contradictory objec-
tive functions, ⌊x1, x2, . . . , xn⌋ are the n optimization parame-
ters, and S is the solution or parameter space. In multi-objective
optimization problem, even though a solution is obtained at
best, it satisfies all objective functions maximally or minimally.
Therefore, the aim to solve MOOP is designated as the determi-
nation of the tradeoff surface, which is a set of non-dominated
solution points, known as Pareto-optimal solutions. A non-
dominated solution is one that is not dominated by any feasible
solutions else. A solution x , for instance, is said to dominate y
if x is better or equal to y in all attributes, and strictly better in at
least one attribute. Considering minimization problem and two
solution vectors x, y ∈ S, x is said to dominate y, denoted as
x ≻ y, if ∀i ∈ {1, 2, . . . , k} : fi (x) ≤ fi (y) and
∃ j ∈ {1, 2, . . . , k} : f j (x) ≤ f j (y) , s.t. x, y ∈ S. (10)
At the instance when the final solution is selected from a set of
Pareto-optimal solutions satisfying (10), no solutions that are
better in all attributes would exist. It is clear that any final solu-
tion should be a member of the Pareto-optimal set. If a solution
is not in Pareto-optimal set, this solution could be evolved with-
out degeneration in any of objectives, and thus is not a rational
choice [8].
In general, a MOOP can be handled in four different ways
depending on when the decision-maker articulates his or her
preference on the different objectives: never, before, during, or
after the actual optimization procedure. To ensure the PAPR re-
duction as well as power increase suppression via tone injection
method, this paper uses priori articulation of the preference in-
formation. Priori articulation of decision-makers’ preferences
is the most common way of conducting multi-objective opti-
mization that aggregates different objectives to a single figure
of merit. Among these methods, the weighted-sum approach is
employed in this paper known as the easiest and most widely
used method [9].
3.2. Weighted-sum based genetic algorithm
A genetic algorithm (GA) is one of adaptive searching meth-
ods used to solve an optimization problem. The basic concept
of genetic algorithm is based on Darwin’s theory of evolution
by natural selection [10]. Due to its affirmative features, GA
has been adopted to many applications to find a solution close
to the optimum in complicated combination problems [11,12].
Towards this, genetic algorithm evaluates the level of fitness
to every element in population and generates offspring by ge-
netic operations such as crossover and mutation. These con-
secutive reproduction operations are repeated until the end of
evolving pre-determined number of generations denoted as G.
If all goes well throughout this process of simulated evolution,
the best chromosome in the final group of population can be
designated as a highly evolved solution set to the optimization
problem [12]. Upon the employment of the weighted and sum
genetic algorithm to solve multi-objective optimization prob-
lem, the algorithm must linearly combine various fitness func-
tions into a single fitness function [13]. Accordingly, a single
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weighted-sum fitness function in m-dimension case is formu-
lated by
f (x) =
m
i=1
wi fi (x), s.t. x ∈ S,
m
i=1
wi = 1. (11)
In (11), the weighting factors tell us the preference of decision
maker. For example, to focus on PAPR performance of OFDM
system rather than power increase suppression, the weight cor-
responding to the objective function for PAPR is bigger than
any other weights to emphasize minimization of PAPR.
3.3. Proposed tone injection method based on weighted-sum
based genetic algorithm
In this paper, to utilize genetic algorithm for tone injection,
the chromosome is organized as in Fig. 2 specifying tone in-
jection positions as well as equivalent constellation points. Ev-
ery chromosome would be encoded (genotype) into the type
of binary vector that exposes one of K tone injection posi-
tions among N subcarriers and one of S equivalent positions
for each K tone injection position. Assuming OFDM systems
with 64 subcarriers, considering case that the tone is injected at
the 10th subcarrier, such that symbol A relevant to 10th subcar-
rier in Fig. 1 is about to move into the equivalent position A′,
then binary vector of the chromosome should have a form of
001010100.
The fitness values evaluated from two kinds of objective
functions for each chromosome quantify how much PAPR is
reduced and how much power increase is suppressed. Those
fitness values are calculated from objective functions (12) and
(13) in decoded form (phenotype), respectively. The fitness
function as shown in (12) is for PAPR reduction and (13)
for power increase suppression. Thus, the fitness function
relevant to PAPR to be minimized is calculated by the ratio
between prescribed PAPR threshold and calculated PAPR at gth
generation for i th chromosome;
f (i,g)min PAPR =

TH PAPR
PAPR(i, g)

,
i = 1, 2, . . . , P
g = 1, 2, . . . ,G (12)
where P is the number of elements in each population, and G
is that of generations to be evolved. In this paper, TH PAPR
is pre-determined threshold, which is a value in abscissa of
complementary cumulative distribution function (CCDF) of
peak-to-average ratio (PAR), and 99% of PAR is less than this
threshold.
To make a formulation of fitness function quantifying the
amount of power increase, the ratio between maximum power
increase and the calculated power increase i th chromosome ingth generation is used as the following
f (i,g)min PI =

1− PI(i, g)
max(power increase)

,
i = 1, 2, . . . , P, g = 1, 2, . . . ,G (13)
where PI(i, g) is the quantity of power increase of i th chromo-
some in gth generation and max(power increase) stands for the
maximum power increase that occurred by injecting K tones
each by each.
To accomplish MOOP, two distinct objective functions are
combined into a single function as the following;
f (i,g)total = w1 f (i,g)min PAPR + w2 f (i,g)min PI,
i = 1, 2, . . . , P, g = 1, 2, . . . ,G. (14)
At the final generation, i.e., g is equal to G, the tone injection
signal information (optimized solution) (Tmopt) of the mth
OFDM symbol can be determined by
Tmopt = arg max
i

f (i,G)total

, i = 1, 2, . . . , P. (15)
4. Simulation results
In this section, the simulation results will be exploited to
verify the superiority of the proposed PAPR reduction scheme
with allowing power increase as small as possible. Towards this,
the proposed method is tested for a complex-baseband OFDM
signal with N = 64 subcarriers, and the number of randomly
generated symbols obeying 16-QAM constellation is 105. Here,
the oversampling factor L and the arbitrary real constant ρ
are both fixed to the unity for the extending direction in (4).
GA is carried out under the given conditions that the number
of generations, i.e., G is 5 and the population size, i.e., P is
300. The crossover probability occurring between two chromo-
somes, i.e., Pc is fixed to 0.6. Additionally, the mutation prob-
ability denoted by Pm is given to 0.002, which is performed by
flipping a bit at random in chromosome.
Generally speaking, GA gives rise to a group of converged
optimal solutions as evolving appropriate number of genera-
tions. Among those the solution having highest fitness value is
selected and treated as an optimal solution. It is important to say
that the number of generations is directly related to the conver-
gence behavior to make a final solution conducting in optimal
number. However, as the number of generations is larger, the
computational complexity is getting higher. Thus, it is desirable
that the solution is converged when the small number of genera-
tion is evolved. To exploit the convergence behavior, the genetic
algorithm is individually conducted with varying the number of
generations from 5 to 50. The corresponding results are shown
in Fig. 3 and its performance quantities are listed in Table 1.
According to the result shown in Fig. 3, it can easily be no-
ticed that the convergence is yet to be stabilized when the num-
ber of generations is 5. Whereas, at the instant that the number
of generations is 50, the convergence is more or less stabilized.
Here, according to the results in Table 1, the average fitness
seemed to be very close whether the number of generations is
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Fig. 4. The PAPR reduction performances of the proposed weighted-sum GA
based tone injection method according to different weighting values with N =
64, P = 300 and G = 5.
Table 1
Fitness comparison (50 Gen and 5 Gen).
60 Pop/50 Gen 60 Pop/5 Gen
Min. Ave. Max. Min. Ave. Max.
PARR fitness 0.42 0.85 1 0.41 0.83 1
Power increase fitness 0.29 0.82 0.93 0.29 0.81 0.93
Weighted-sum fitness 0.57 0.84 0.98 0.55 0.82 0.98
5 or 50. Also, in Fig. 4, PAPR reduction performances are sim-
ilar to each other. Clearly, it may say that it is more preferable
to set the number of generations as 5 in the aspect of dimin-
ishing the computational complexity required for searching out
the optimal solution.
The simulation results in Figs. 4 and 5 show the CCDF
curves of PAPR and the behaviors about averaged power in-
crease, respectively, which are exploited with varying pairs of
two distinct weight values. Here, weighting valuesw1 for PAPR
reduction and w2 for power increase are selected in the range
between 0.5 and 1. The term ‘Original’ corresponds to the
method without involving any PAPR reduction scheme, ‘PAPRFig. 5. The averaged power increase patterns of the proposed weighted-sum
GA based tone injection method according to different weighting values with
given N = 64, P = 300 and G = 5.
Table 2
Simulation results for different weighting values.
W1 0.9 0.8 0.7 0.6 0.5
W2 0.1 0.2 0.3 0.4 0.5
PARR reduction (dB)
PARR Opt = 4.48 dB 4.18 3.23 2.83 2.31 2.12
Power Opt = 2.03
Power increase
PARR Opt = 0.33 dB 0.24 0.17 0.12 0.09 0.07
Power Opt = 0.05
Opt.’ indicates the exhaustive search method to find the opti-
mum PAPR without considering power increase and ‘Power
Opt.’ corresponds to a local search method such that the sub-
ject to the constraint of minimum power increase. Newly mod-
ified symbol is limited to reside at the edge of constellation.
From Fig. 4, it can be conjectured that the behavior of the pro-
posed PAPR reduction method approaches that of the optimum
PAPR reduction when assigned weighting value associated with
PAPR increases, i.e., the weight w1 is close to unity. And if w1
is greater than 0.5, every PAPR performance achieved from the
proposed method turns out to be better than the result from the
‘Power Opt’. The behavior of averaged power increase is de-
picted in Fig. 5 with executing 100-pt running average for 1000
OFDM symbols.
Comparing conventional tone injection methods with the
proposed scheme, the proposed method is 0.3 dB worse in the
aspect of PAPR but it has 28.8% lower power increase whenw1
is 0.9. These results are summarized in Table 2 for all weighting
cases.
5. Conclusion
This paper proposes the modified tone injection PAPR
reduction scheme based on weighted-sum genetic algo-
rithm in order to fulfill both PAPR reduction and power
increase suppression simultaneously. Although tone injection
scheme has been preferred due to its affirmative feature of no
overhead required, it has drawback of showing intrinsic power
W.C. Lee et al. / ICT Express 1 (2015) 76–81 81increase. Moreover, it needs high degree of computational com-
plexity to determine where the tone is to be modified and how
much is injected for PAPR reduction. To withstand these de-
terioration features, this paper introduced the modified tone
injection method based on weighted-sum genetic algorithm
resolving MOOP such as reducing PAPR together with sup-
pressing power increase at the expense of relatively low com-
putational complexity. According to the simulation results, it
can be concluded that the proposed method is quite flexible
and effective in the sense of leveraging the performance be-
tween PAPR reduction and power increase steered by adjusting
weighting values on the purpose.
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